Finally, there is an issue of scholarship and fairness: in the first paragraph of the introduction, Erickson is given sole credit for the "Z-centric hypothesis: that FtsZ provides the cytoskeletal framework for the division machine, and may also generate the constriction force that leads to septation." Erickson deserves credit for championing the idea that FtsZ itself generates force, but not for the idea that it is the cytoskeletal framework for the division machine. Erickson will know the right references, but one example would be Lutkenhaus, FtsZ ring in bacterial cytokinesis. (1993) Mol Microbiol 9, 403-409, which clearly discusses the possibility that FtsZ binds FtsA, PBP3, and others, and localizes peptidoglycan-remodeling machinery.
Referee #2 (Remarks to the Author):
Review "Membrane targeted FtsZ generates force and distorts membranes on the outside of liposomes", Osawa et al 2009 In this manuscript the authors show how the bacterial cell division protein FtsZ (the bacterial homologue of eukaryotic tubulin) binds to the outside of membrane vesicles and how and it is able to induce two different changes in the vesicles. They describe tubulation and concave depressions. As in an earlier, very short paper they have used two modified FtsZ proteins and the current manuscript can be seen as a follow-up of the earlier one. FtsZ-YFP-mts, a chimeric protein composed of a C-terminally truncated FtsZ (eliminating the tail and FtsA binding sequence), followed by YFP and the amphipathic helix from E. coli MinD. FtsZ-mts is the same but without YFP. From their results they conclude that FtsZ generates a force on the outside of the vesicles, which they argue might be similar to the one previously observed on the inside of much larger vesicles. The authors show that the force is generated without other proteins and without GTP hydrolysis, which is very important information.
I find this study interesting, although it is not clear to me, really, what the significance is for cell division. This is not meant to be negative; at this point we just do not know and we should probably continue with studies like this until we do. In light of my feelings I would like to challenge the authors to perform control experiments with other polymerising proteins that do not perform cell division, by attaching membrane targeting sequences to them. My guess is that most will show some sort of bending because the lipid vesicle by definition will fight the elongation force of the polymer with its requirement for roundness. For example: MreB, pilin etc. What happens if the mts is moved around in FtsZ? If bending is the force, then the position of the mts with respect to the bending angle is critical and this can be tested (and probably should have been). I find the EM pictures underwhelming. Surely, something better could have been obtained with FtsZ being involved. It may be unfair to mention this, but what about 3d EM since it is very important to know the exact position and orientation of the filaments when discussing a mechanism later. Or at least cryo EM? Negative stain will flatten everything and makes it difficult to understand what is going on.
I find it difficult to follow the argument about how the formation of concave depressions is somehow similar to tubulation. The manuscript even mentions ' ... we have not been able to model so far ... '. This means to me that the authors also do not understand and this section needs attention.
And what about mutants. The authors have lots of experience in this area and a paper of this importance and reach should include at least some. GTPase mutants, hydrolysis mutants, lateral interaction mutants, longitudinal mutants.
The model in fig 5 seems naive to me. Why is the filament first straight and then curved? GTP hydrolysis has been shown here not to be important so the straight to curved transition cannot play a role. It must be intrinsic curvature (if at all). I would like to argue that it is helpful to consider the two opposing forces at work here: FtsZ will want to produce something straight (even if not completely straight) and the lipid must have a curvature, otherwise the vesicle will dissolve or split. The system will be stable when the two forces are equal and this is the reason why so many effects can be generated with systems of this type, depending on the two concentrations and other parameters like incubation times, temperature, crowding and many more. (The rings seen with FtsZ are an exception since the high curvature (high energy state) is balanced with an addtional longitudinal contact coming form the ring closure, just in case the authors want to argue that FtsZ 'prefers' high curvature, sometimes).
More specific points:
Material and Methods: Liposome concentrations are missing.
Results:
In results the lack of concave depression formation in DOPG liposomes is not mentioned and then later introduced during the discussion.
They report the recovery of the YFP signal after bleaching, which is related to assembled FtsZ with free monomers. The recovery they measure is slower than in FtsZ filaments not attached to vesicles. A very simple explanation is that the binding to the membrane slows down FtsZ dynamics.
Discussion:
The discussion includes some information related to dynamin and BAR domains, which are known to tubulate liposomes. Importantly, inverse BAR domains (I-BAR) are missing in this discussion. These introduce concave depression, just like here. The work demonstrates the ability of FtsZ anchored to the outer surface of liposomes to bend the liposome membranes. Strikingly, two opposite modes of such bending have been found: formation of tubule-like invaginations and generation of concave depressions. Tubulation means that the induced membrane curvature is positive, while formation of depressions means generation of a negative curvature. I did not find in the article any suggestion of a mechanism, which could drive such a unique way of membrane bending by one sort of protein. I think that this work is a good start but needs a completion to become publishable in a high impact journal. Specifically, a mechanism of the complex bending of membranes by FtsZ accounting for generation of positive and negative curvatures under, probably, different ways of the protein assembly on the membrane surface has to be proposed and verified experimentally. In addition, a biological significance of this special membrane bending ability of FtsZ has to be clarified. . The FtsZ-YFP-mts prepared by the denaturation-renaturation procedure, which was used for all experiments in this paper, produces a protein of high purity. The FtsZ is expressed at very high levels, so fewer purification steps are needed to achieve high purity. FtsZ is by far the major protein in the bacterial pellet, and following renaturation it is almost the only protein that is soluble. Nevertheless we follow with a step of anion exchange purification. We did, however, discover a much simpler and higher yield purification, directly from the soluble bacterial supernatant. This uses 30% AmSO4 precipitation followed by resource Q chromatography, the standard purification that we and other labs have long used for FtsZ. Since this purification has been published and used for many years we prefer not to add any more details to the present mss. We did however include gels showing the source Q column fractions for both preparations (SI for review only).
Second, it is unclear why the authors are so confident that the protein in this case is on the outside of the liposomes, whereas in their previous Science paper they reported that very similar preparative procedures resulted in FtsZ on the inside. What exactly is the difference in the preparative procedure? How do the authors know the FtsZ is on the outside here, and none is on the inside? This issue is critical for all the interpretations.
We addressed the issue of whether the protein is outside or inside the vesicles by testing for leakiness, as described in the following paragraph added to the paper. These tests will be described in more detail in a methods paper in press in Meth Enz. "To confirm that FtsZ is on the outside of the tubulating liposomes, we used the small polar fluorescent dye HccA (7-Hydroxycoumarin-3-carboxylic acid, Invitrogen) to test the leakiness of the liposomes. We mixed HccA with liposomes and then added FtsZ-YFP-mts and GTP. Most tubulating liposomes contained no HccA, as indicated by a dark profile on the background of fluorescence (data not shown). Conversely when we washed away the exterior fluid from the liposomes all fluorescence disappeared from the liposomes (data not shown). The multilamellar tubular liposomes that showed reconstitution of Z rings in our previous study were prepared in higher salt. These were much more leaky to HccA and to proteins than the thinner-walled liposomes used in the present study (Osawa and Erickson, Meth Enz 2009 in press There are two really good ideas here.
(1) To test other polymers with a mts to see what they do to membranes. This has already been done for MinD -it tubulates but with a different geometry (it wraps around the tubule, whereas FtsZ-mts is parallel to the axis). We may some day test MreB or ParM, pilin or flagellin, but the results will be more of interest to membrane and protein mechanics than to bacterial cell division. (2) Moving the mts to a different attachment point, is an even better idea. We did it, and it produced one of the most important results in the study. When we switched it to the opposite side of the protofilament, it reversed the direction of membrane bending from concave to convex. This strongly supports the idea that the FtsZ constriction force is generated by protofilament bending. Very important! Really nice suggestion.
I find the EM pictures underwhelming. Surely, something better could have been obtained with FtsZ being involved. It may be unfair to mention this, but what about 3d EM since it is very important to know the exact position and orientation of the filaments when discussing a mechanism later. Or at least cryo EM? Negative stain will flatten everything and makes it difficult to understand what is going on.
You are right, we are also very disappointed with the EM. We have put a great effort into the EM and this is the best we have gotten. We have a lot of experience with negative stain, and find that it generally gives the best contrast and resolution even for complex 3-D structures. Flattening is not a problem, especially for membrane tubules coated with protein. Something about the protein is obscuring its structural arrangement. We may try cryoEM at some point, but doubt that it would give sufficient contrast to resolve the filaments and the membrane.
I find it difficult to follow the argument about how the formation of concave depressions is somehow similar to tubulation. The manuscript even mentions ' ... we have not been able to model so far ... '. This means to me that the authors also do not understand and this section needs attention.
We really don't have a clear understanding how extrusion of tubules is related to the concave depressions. We have clarified our own lack of certainty and our speculation about how concavities might transform into tubule extrusions: "because they are balanced on all sides of the small diameter tubule they may not be able to generate a concavity, and the net result may be to pull membrane from the liposome into the growing tubule". This seems less a problem now that we have the new results of the convex protrusions with the reversed mts.
And what about mutants. The authors have lots of experience in this area and a paper of this importance and reach should include at least some. GTPase mutants, hydrolysis mutants, lateral interaction mutants, longitudinal mutants.
We have already characterized a range of mutants, and are preparing a separate paper on these. That paper will be as large as the present one.
The model in fig 5 seems We have been re-thinking the issue of curvature since the original submission, and since discovering that the direction of membrane curvature depends on which side the mts is attached to. We are now emphasizing the "intermediate curved conformation" as a likely source of the protofilament bending. And we note that the curvature question is not as simple as the original idea ("hydrolyze and bend"). The relation of curvature to hydrolysis is really not understood yet. This is discussed in more detail in Erickson PNAS106:9238 (2009), The new data on the switch in membrane curvature provides a major new support for the idea of protofilament bending, and we have made a completely new Fig. 6 to explain this.
More specific points:

Material and Methods: Liposome concentrations are missing.
This information was added.
Results: In results the lack of concave depression formation in DOPG liposomes is not mentioned and then later introduced during the discussion.
This point was more confusing than informative. We have deleted these comments.
They report the recovery of the YFP signal after bleaching, which is related to assembled FtsZ with free monomers. The recovery they measure is slower than in FtsZ filaments not attached to vesicles. A very simple explanation is that the binding to the membrane slows down FtsZ dynamics.
This idea was added. We think the new data showing the switch from concave to convex bending when we switch the mts is an excellent completion of the work, and now provides a unified mechanism for how FtsZ protofilaments generate the constriction force -it is protofilament bending. As explained above to referee 2 we still don't have a clear picture of how tubulation is generated by these forces, but do provide a brief speculation. The major biological significance now is to provide strong new evidence relating to the controversy over the mechanism of the constriction force. Several recent papers have suggested that the force may be generated by sliding lateral bonds. Our data implicate an alternative mechanism, protofilament bending, as a major source of the force on membranes. I apologise for the delay in getting back to with a decision on your revised manuscript but we have received the report from the one referee we were waiting upon and who originally was not available for a couple of weeks. As you will see s/he finds that manuscript very much improved and is supportive of publication pending some minor text changes.
Discussion
Thank you for the opportunity to consider your work for publication. I look forward to reading the revised manuscript. I apologise for the extreme delay in me reviewing this manuscript -just too many things to do all the time! This is a much-improved version of an earlier version with one crucial experiment added and some lengthy discussions removed. I have to say I now really like this manuscript and it should be published with minor revisions.
The new experiment (making this reviewer proud :-) really adds to the argument. Of course one could have pushed this further (linker lengths, internal positioning of the mts) but then one always could. I have a few minor comments the authors might or might not consider:
-why was the 'real thing' never tried (using FtsA as the membrane anchor)?
-I still find the EM pictures the weakest point and the conclusion, that protofilaments run along the axis of tubes, unsafe. It might look like that in the images, but the structures are collapsed onto the grid and thus horribly distorted. We might try this ourselves one day using 3D EM.
-if the protofilaments do run perpendicular, tube formation is more readily explained. After initiating the first indentation, the protofilaments will re-arrange to produce the lowest energy structure -when curved that is perpendicular to the axis. -typo: Bustamente (Bustamante)
-the linker between FtsZ and the mts is long. Very long. I find the attempt to argue around the problems with the flexibility a bit contrived and unnecessary. It works and if one wanted to get closer to the problem an investigation of the linker length would have to be performed. Why were linkers that long chosen in the first place? One argument might be the charge of the membrane, which is the same as a FtsZ filament (repulsion). Again, our lab prides itself on EM, and we are disappointed with these images. We will be happy to have other labs try to get better images, and we are always willing to send our expression vectors.
-if the protofilaments do run perpendicular, tube formation is more readily explained. After initiating the first indentation, the protofilaments will re-arrange to produce the lowest energy structure -when curved that is perpendicular to the axis. Yes, this is our current picture, which we hopefully expressed in the paper.
-the pictures showing inside and outside bulges are convincing, although the new ones in figure 5 are not as good as the older ones showing concave protrusions. Why?
The system was designed by evolution to generate the concave bends, so maybe it is not surprising that it doesn't work as well bending in the opposite direction. The main point is that the convex protrusions are clear enough to be convincing. Our choice of the mts from E. coli MinD was a historical accident. This is one turn shorter than that from B. subtilis MinD, which is the same length as FtsA. We should some day try the one from EcFtsA.
-typo: Bustamente (Bustamante) Thanks, its corrected.
-the linker between FtsZ and the mts is long. Very long. I find the attempt to argue around the problems with the flexibility a bit contrived and unnecessary. It works and if one wanted to get closer to the problem an investigation of the linker length would have to be performed. Why were linkers that long chosen in the first place? One argument might be the charge of the membrane, which is the same as a FtsZ filament (repulsion).
Presumably the question is not about the length of the linker on the C terminus, which was designed by evolution for a purpose that we don't yet know. When we put the mts on the N terminus we actually tested two lengths of linker. One was the same as the linker on the C terminus, and the other was only a single aa. They both worked, which is very interesting. We described this briefly in the mss. Testing the effect of changing the length of the linker at the C terminal attachment is a project in progress.
